The 2.5-Å resolution crystal structure of recombinant aristolochene synthase from the blue cheese mold, Penicillium roqueforti, is the first of a fungal terpenoid cyclase. The structure of the enzyme reveals active site features that participate in the cyclization of the universal sesquiterpene cyclase substrate, farnesyl diphosphate, to form the bicyclic hydrocarbon aristolochene. Metal-triggered carbocation formation initiates the cyclization cascade, which proceeds through multiple complex intermediates to yield one exclusive structural and stereochemical isomer of aristolochene. Structural homology of this fungal cyclase with plant and bacterial terpenoid cyclases, despite minimal amino acid sequence identity, suggests divergence from a common, primordial ancestor in the evolution of terpene biosynthesis.
The 2.5-Å resolution crystal structure of recombinant aristolochene synthase from the blue cheese mold, Penicillium roqueforti, is the first of a fungal terpenoid cyclase. The structure of the enzyme reveals active site features that participate in the cyclization of the universal sesquiterpene cyclase substrate, farnesyl diphosphate, to form the bicyclic hydrocarbon aristolochene. Metal-triggered carbocation formation initiates the cyclization cascade, which proceeds through multiple complex intermediates to yield one exclusive structural and stereochemical isomer of aristolochene. Structural homology of this fungal cyclase with plant and bacterial terpenoid cyclases, despite minimal amino acid sequence identity, suggests divergence from a common, primordial ancestor in the evolution of terpene biosynthesis.
Aristolochene synthase is a terpenoid cyclase from the blue cheese mold, Penicillium roqueforti, that catalyzes the metal-dependent cyclization of farnesyl diphosphate to form the bicyclic hydrocarbon aristolochene ( Fig. 1) (1) . Farnesyl diphosphate is the universal precursor of myriad cyclic sesquiterpenes, so each sesquiterpene cyclase plays a critical role in governing the structural and stereochemical outcome of its particular cyclization reaction. Accordingly, sesquiterpene cyclase reactions maximize product diversity starting from a minimal substrate pool, indeed, a single substrate, and the structural basis of this catalytic diversity comprises a growing question at the interface of chemistry and biology.
Aristolochene synthase is a 38-kDa monomeric sesquiterpene cyclase that has been cloned (2) and overexpressed (3) in Escherichia coli. Numerous enzymological studies of P. roqueforti and Aspergillus terreus aristolochene synthases using stereospecifically labeled substrates (4 -6), a mechanism-based inhibitor (7) , and the anomalous substrate (7R)-6,7-dihydrofarnesyldiphosphate (8) indicate a complex cyclization cascade proceeding through at least two discrete intermediates. Aristolochene formation is the first committed step in the biosynthesis of a large group of sesquiterpenoid fungal toxins, the most lethal of which is the novel bis-epoxide PR-toxin (4) . Interestingly, the (ϩ)-enantiomer of aristolochene is generated by the fungi P. roqueforti and A. terreus, but the (Ϫ)-enantiomer is generated by the plants Aristolochia indica (9) and Bixa orella (10) . Accordingly, each aristolochene synthase must provide a different template for binding the flexible polyisoprenoid substrate and subsequent intermediates in productive conformations leading to correct stereoisomer formation.
The diastereomeric sesquiterpene epi-aristolochene (4-epieremophila-9,11-diene) has been identified in tobacco (Nicotiana tabacum) (11) (12) (13) and results from the cyclization of farnesyl diphosphate by epi-aristolochene synthase ( Fig. 1) (14) . This enzyme catalyzes the cyclization of farnesyl diphosphate by a mechanism similar in some respects to that of P. roqueforti aristolochene synthase despite only 16% amino acid sequence identity (15) . However, the two enzymes must differ in how they precisely chaperone the conformation(s) of cyclization intermediates so as to control the exclusive formation of their respective diastereomeric sesquiterpene products, aristolochene or epi-aristolochene.
To establish the structural basis for the formation of different product diastereomers by the fungal and plant cyclases, we now report the crystal structure of native recombinant P. roqueforti aristolochene synthase at 2.5-Å resolution and compare this structure with that of N. tabacum epi-aristolochene synthase (16) . Importantly, both enzymes contain conserved "aspartate-rich" DDXX(D/E) signature sequences that presumably bind catalytically obligatory Mg 2ϩ ion(s) (2, 17) , and additional signature segments are indicated in structural comparisons. With more than 300 cyclic sesquiterpenes identified to date, all deriving from the universal precursor farnesyl diphosphate (18 -20) , the protein structural basis for the precise control of product structure and stereochemistry in farnesyl diphosphate cyclization remains a critical issue at the interface of biosynthetic chemistry and structural biology (21) (22) (23) (24) .
EXPERIMENTAL PROCEDURES
Expression and Purification of Aristolochene Synthase-From a glycerol stock of E. coli BL21(DE3) carrying pZW04, 5 ml of seed culture in LBampicillin was cultured at 37°C overnight. 500 ml of prewarmed (30°C) LB-ampicillin media in a 3-liter flask was inoculated with this overnight seed, giving an initial A at 600 nm of 0.05, and further incubated at 30°C until the A reached 0.7-1.0. Isopropyl-1-thio-␤-D-galactopyranoside was added to 0.5 mM final concentration to induce production of recombinant aristolochene synthase. Cells were harvested after a 4-h induction period, resuspended in 50 ml of cell lysis buffer (5 mM EDTA, 5 mM ␤-mercaptoethanol, 20 mM Tris (pH 7.5)), and sonicated to disrupt cells. After three cycles This work was supported by National Institutes of Health Grant GM56838 (to D. W. C.) and Merit Award GM30301 (to D. E. C.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The (10-min sonication (30% power with 50% duty cycle) in ice water bath followed by 5 min rest on ice), lysed cells were centrifuged in a Sorvall GSA rotor at 6000 ϫ g for 30 min at 4°C. Lysed cells were turbid prior to centrifugation because of the inclusion body present. Pellet was resuspended in the same buffer by stirring and recentrifuged to removes traces of the soluble fraction. At this stage, the purity of the enzyme was at least 60% as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 1 Washed precipitate was resuspended in 200 ml of the same buffer, and the inclusion body suspension was titrated with 0.1 M NaOH in an ice water bath while monitoring pH. As pH increased, the turbidity started to decrease until at pH 11.0 -11.5 most of the turbidity was gone. After a 30-min incubation at high pH, the solution was titrated back to pH 8.5 with 0.1 M HCl. ␤-Mercaptoethanol was then added to a final concentration of 5 mM, and the protein solution was allowed to sit for 30 min. A final centrifugation at 6000 ϫ g for 30 min (4°C) yielded a supernatant that was decanted and diluted with cell lysis buffer to a final volume of 2 liters. DE52 cellulose anion exchange resin (80 ml) was dispersed into this 2-liter volume, and cyclase was allowed to bind to the resin during occasional stirring with a clean glass rod. Resin was packed into a glass column of 2.5 cm in diameter and washed with 200 ml of cell lysis buffer, and a linear gradient of 0 -500 mM NaCl in cell lysis buffer was applied to elute enzyme activity. Activity eluted at approximately 150 -200 mM NaCl. At this step, the enzyme was more than 90% pure as judged by SDS-PAGE.
A second DE52 column was used to further improve purity. The DE52 pool from the first column was diluted 5-fold with cell lysis buffer and applied to a Q-Sepharose column (2.5 ϫ 5 cm, total 25 ml). Enzyme was eluted with 500 ml of cell lysis buffer with a linear gradient of 0 -0.5 M NaCl. Pooled enzyme was concentrated by Centriprep 30 (Amicon). Final enzyme purity was greater than 98% pure by SDS-PAGE analysis.
Crystal Structure Determination-Crystals of aristolochene synthase were grown at 4°C by equilibrating a hanging drop containing 5 l of 13 mg/ml aristolochene synthase and 5 l of precipitant solution (4% polyethylene glycol 6000, 0.5 M NaCl) against 1 ml of precipitant solution in the well reservoir. Crystals generally appeared after 3 weeks and grew to approximate dimensions of 0.5 ϫ 0.4 ϫ 0.6 mm. Crystals belonged to tetragonal space group I422 with unit cell dimensions of a ϭ b ϭ 208.2 Å, c ϭ 139.6 Å. With two molecules in the asymmetric unit, the packing density V m ϭ 4.82 Å 3 /Da corresponds to a relatively high solvent content of 72%. Crystals were transferred to a stabilization buffer (8% polyethylene glycol 6000, 1.0 M NaCl, 100 mM HEPES (pH 7.5)), and glycerol cryoprotectant was added gradually to a final concentration of 30% (v/v). Crystals were flash-cooled in liquid nitrogen and diffracted to 3.3-Å resolution using an R-AXIS IIc image plate detector mounted on a Rigaku rotating anode x-ray generator. Native data were also collected to 2.5-Å resolution on beamline X12B at the National Synchrotron Light Source in Brookhaven, NY. All data were processed using the program MOSFLM (25) and refined using programs in the CCP4 suite (26) . Data collection parameters are recorded in Table I .
Five heavy atom derivatives were used to phase the initial electron density map (Table I) . Initial heavy atom sites were determined in difference Patterson maps, and additional heavy atom sites were located in subsequently calculated difference Fourier maps; heavy atom positions were refined with the program PHASES (27) . The model was fit into an electron density map calculated with solvent-flattened noncrystallographic symmetry averaged phases (28) at 3.3-Å resolution. Subsequent refinement and rebuilding of the native model was achieved with CNS (29) and O (30), respectively. Individual B-factors were refined, and a bulk-solvent correction was applied. This model was then refined against the 2.5-Å resolution synchrotron data, and a total of 275 well ordered solvent molecules were located in the asymmetric unit. The quality of the model was improved by gradually releasing noncrystallographic symmetry constraints into appropriately weighted restraints as judged by R free . Refinement statistics are recorded in Table I . The final model has excellent stereochemistry with only 1 of 298 total residues (Ala-186) adopting a disallowed backbone conformation.
RESULTS AND DISCUSSION
Structure and Evolutionary Relationships-Aristolochene synthase from P. roqueforti adopts the class I ␣-helical terpenoid cyclase fold (21, 31) , in which 6 ␣-helices (of 11 total helices) surround a large active site cleft approximately 15 Å wide by 20 Å deep (Fig. 2) . Polypeptide loops connecting these helices are relatively short (average 5 residues) on the side of the protein distal to the active site and relatively long (average 12 residues) on the side of the protein proximal to (that is, surrounding) the active site cavity. This feature is a consequence of the helix packing arrangement necessary to form a roughly conical cleft. The longest loops surrounding the active site cavity are the "180s" loop (Asp-184 -Ile-190), which forms one wall of the active site cleft, and a disordered "250s" loop (Asp-252-Leu-265) that flanks the mouth of the active site. Additionally, a 40-residue segment is disordered at the N terminus (Met-1-Thr-40), and a 5-residue segment (Thr-336 -Asn-341) is disordered at the C terminus.
The conserved aspartate-rich segment (DDVIE, beginning with Asp-115) is located on the upper wall of the active site cleft on helix C (Figs. 2 and 3) . This is the coordination site for the Mg 2ϩ ion(s) necessary to trigger initial carbocation formation. Notably, a single Sm 3ϩ ion binds to Asp-115 in the SmCl 3 derivative used for phasing the initial electron density map. As found in the structure determination of avian farnesyl diphosphate synthase, Sm 3ϩ is a good analogue for Mg 2ϩ , one Sm 3ϩ ion binds to each of two aspartate-rich segments in this synthase (32) . One of the aspartate-rich segments of farnesyl diphosphate synthase (DDIMD, beginning with Asp-117) corresponds to the DDVIE segment of aristolochene synthase (Fig.  4) , so this segment in aristolochene synthase is similarly implicated in binding the catalytically obligatory metal ion(s). In general, a trivalent metal ion binds ϳ10 3 -fold more tightly than a divalent metal ion to a carboxylate cluster, which is defined as 3-4 carboxylate groups located in a shallow cleft on a protein surface (33) . Because carboxylate clusters discriminate more on the basis of ionic charge rather than ionic radius (33) , this rationalizes the facile binding of Sm 3ϩ to the Mg 2ϩ -binding aspartate-rich segment of aristolochene synthase.
The ␣-barrel fold of P. roqueforti aristolochene synthase bears a striking resemblance to that of N. tabacum epi-aristolochene synthase despite only 16% sequence identity. The N. tabacum synthase consists of a 281-residue C-terminal catalytic domain and a 240-residue N-terminal domain of unknown function (16) . Here too, the cyclization domain consists of 11 major helices arranged with identical topology and surrounding an active site cleft of similar dimensions and hydrophobicity, as found in the P. roqueforti cyclase. The cyclization domains of the fungal and plant cyclases are of the same approximate shape and dimensions, approximately 50 ϫ 60 ϫ 30 Å (Fig. 4) .
Despite minimal sequence identities (16 -21%), the ␣-helical folds of a bacterial sesquiterpene cyclase, pentalenene synthase (31), and avian farnesyl diphosphate synthase (32) , are also highly similar to the ␣-helical fold of P. roqueforti aristolochene synthase (Fig. 4) . This structural homology is reminiscent of suggestions that enzymes catalyzing successive steps in a biosynthetic pathway may evolve with similar structure through divergence, regardless of negligible amino acid sequence identity; function evolves more rapidly than sequence, and sequence evolves more rapidly than tertiary structure (34) . Despite the catalysis of strikingly different cyclization cascades, further structural homology between the fungal aristolochene synthase and terpenoid synthases from bacterial, plant, and animal species suggests a common primordial ancestor early in the evolution of terpene biosynthetic pathways prior to the divergence of plants, animals, bacteria, and fungi (Fig. 4) .
Structural Inferences on the Cyclization Mechanism-
The active site of P. roqueforti aristolochene synthase is a 20-Å deep cleft lined with many hydrophobic aliphatic and aromatic residues that define a unique contour. Accordingly, this cleft serves as a template to bind the flexible farnesyl diphosphate substrate in the unique productive conformation leading to aristolochene formation as outlined by Cane and colleagues (4 -8) (Fig. 5) . Enzyme crystallized in the presence of 16 mM farnesol reveals electron density in the active site consistent with disordered binding of the substrate analogue (data not shown), indicating that coordination of the substrate diphosphate group to metal(s) bound by the aspartate-rich sequence plays an important role in anchoring the substrate conformation (35) . This is consistent with site-directed mutagenesis 
where I i is the intensity measurement for reflection i, and ͗I i ͘ is the mean intensity for reflection i from replicate data. studies of trichodiene synthase, where alteration of metal binding residues resulted in the formation of aberrant cyclization products reflecting alternative substrate conformations (36) .
Enzymological studies with inhibitors and isotopically labeled substrates by Cane and colleagues (4 -8) demonstrate that a unique conformation of the farnesyl diphosphate substrate is required to form the correct aristolochene stereoisomer, with compelling evidence for intermediates germacrene A and the eudesmane cation; the resulting mechanistic sequence is outlined in Fig. 5 . Because the enzyme active site is a template that enforces the correct substrate conformation, we have modeled the pathway of aristolochene biosynthesis that incorporates this mechanistic information within the context of the enzyme active site (Fig. 6) . Models of enzyme-substrate, -intermediate, and -product complexes were created by optimizing individual substrate and intermediate conformations using energy minimization routines in the program MacroModel (37) . Prior to energy minimization, molecular conformations were moderately restrained such that atoms involved in the reaction coordinate of carbon-carbon bond-making and bond-breaking steps (as illustrated in Fig. 5) were properly oriented to accommodate the required stereochemistry for each step. For example, the precatalytic substrate conformation was calculated by restraining the C-1 and C-10 atoms to be 3.3 Ϯ 0.2 Å apart with the proper orientation of the -electrons at C-10 toward the C-1-O * antibonding orbital in anticipation of the initial C-1-C-10 bond-making step to yield the germacrene A intermediate with S stereochemistry at the C-10 atom (the substrate numbering scheme is indicated in Fig. 5 ).
The energy-minimized substrate, intermediate, and product conformations were then manually docked into the enzyme active site cleft. The substrate orientation was fixed so that the diphosphate leaving group could interact with metal ion(s) bound to the aspartate-rich sequence (as indicated by Sm 3ϩ binding in the SmCl 3 derivative). This particular interaction defined a unique precatalytic orientation of the substrate in the enzyme active site, there was only one way to fit the unique precatalytic substrate conformation required for the correct cyclization stereochemistry into the active site while constrained by specific diphosphate-metal-protein interactions. Indeed, the binding of the required substrate conformation in the active site was highly complementary to the contour of the active site, consistent with the role of the terpenoid cyclase as a template to enforce the proper starting conformation of the flexible isoprenoid substrate. The geometries of enzyme-substrate, -intermediate, and -product complexes were optimized by subjecting the manually docked complexes to conjugate gradient energy minimization with no experimental energy term in CNS (29) . Two hundred cycles of minimization were performed with nonbonded interaction cutoff ϭ 13 Å and dielectric constant ϭ 1.
In our model of the cyclization reaction (Fig. 6) , the substrate isopropenyl group is positioned within a hydrophobic surface formed by Phe-112 and Phe-178 and also Leu-108, Leu-111, and Gly-205. Farnesyl diphosphate is positioned such that the C-10 -C-11 bond is oriented for attack at C-1 subsequent to (or concurrent with) metal-triggered diphosphate departure; metal ion(s) are liganded by residues in the aspartate-rich motif. After loss of the H12 proton, the germacrene A intermediate results with S stereochemistry. Enzymological studies with isotopically labeled substrates indicate that it is exclusively the cis-methyl group (C-12) that undergoes deprotonation (6); based on analysis of the enzyme active site, there is no apparent candidate for an enzyme general base to assist this deprotonation step. Possibly, the diphosphate leaving group could capture this proton. Subsequent protonation of the C-6 atom of germacrene A yields the tertiary C-7 carbocation, which is then attacked by the C-2-C-3 -bond to form the eudesmane cation. Potentially, this could occur in concerted fashion. The conformation of germacrene A is enforced by Phe-112, ensuring that the proper face of the C-2-C-3 -bond undergoes reaction to yield the proper stereoisomer of the eudesmane cation. Accordingly, the enzyme serves as a template throughout the cyclization cascade and chaperones the conformations of reactive intermediates once the reaction is underway. Inspection of the model suggests that the phenolic hydroxyl group of Tyr-92 is properly positioned to serve as a general acid in this step. Interestingly, site-directed mutagenesis experiments with epi-aristolochene synthase implicate Tyr-520 as a proton donor to germacrene A, which is identified as a key product in an abortive cyclization catalyzed by the Tyr-520 3 Phe variant (38) . Although Tyr-92 of aristolochene synthase does not align with Tyr-520 of epiaristolochene synthase, it is conceivable that each cyclase requires a different phenolic proton donor to facilitate the formation of opposite germacrene A stereoisomers; aristolochene synthase requires formation of the S-germacrene A intermediate, whereas epi-aristolochene synthase requires formation of the R-germacrene A intermediate.
In the final step of the cyclization sequence, enzymological experiments with stereospecifically labeled substrates establish that a 1,2-hydride shift occurs trans to a methyl migration, i.e. they occur on opposite faces of the bicyclic ring system of the eudesmane cation, with final deprotonation of H8␤, i.e. the proton cis to the migrating C-14 methyl group (6) . The phenolate group of Tyr-92 is suitably oriented to accept this proton, which would complete the proposed role of Tyr-92 as a general acid/base in catalysis. Optimal 6-membered ring conformations that would support the tandem migrations and final deprotonation are half-chair for ring A (C-2, C-3, C-4, C-5 coplanar; this minimizes unfavorable 1,3-diaxial interactions with the migrating methyl group) and half-chair for ring B (C-2, C-7, C-8, C-9 coplanar). These conformations ensure the simultaneous and optimal alignment of the empty 2p z orbital on the C-3 carbocation, the C-H bond of the migrating hydride on C-2, the C-C bond of the migrating C-14 methyl group on C-7, and the C-H bond on C-8 of the H8␤ proton to be abstracted by the phenolate of Tyr-92. The final ring conformations in product aristolochene are chair for ring A and half-chair for ring B (C-2, C-7, C-8, C-9 coplanar due to the C-7-C-8 bond).
Active site aromatic residues appear to be optimally positioned to stabilize carbocation intermediates through cationinteractions (39) . Specifically, Phe-178 and Phe-112 appear to be appropriately oriented (40) to stabilize developing partial positive charge on C-1 in the first step of catalysis, and Trp-333 is appropriately oriented to stabilize positively charged C-3 in the eudesmane cation. Cation-interactions comprise a highly effective chemical strategy for catalysis: electrostatic stabilization of high energy carbocation intermediates can be achieved without risk of quenching the carbocation and annihilating the protein catalyst, as would be the case if stabilization were achieved with nucleophilic protein residues. Additional electrostatic stabilization may result from the negative electrostatic surface potential present in the active site cleft (data not shown).
The three-dimensional structure of P. roqueforti aristolochene synthase provides some clues regarding the stereospecificity of the cyclization cascade that distinguish this cyclase from N. tabacum epi-aristolochene synthase: why can't the P. roqueforti cyclase make epi-aristolochene? According to our model, the key determinant of aristolochene stereochemistry at C-10 is the orientation of the C-10 -C-11 bond relative to the C-1 diphosphate leaving group in the first step of catalysis. The precatalytic farnesyl diphosphate conformation required by N. tabacum epi-aristolochene synthase (Fig. 5) is not compatible with the contour of the P. roqueforti aristolochene synthase active site, as inferred from the model of the aristolochene synthase-farnesyl diphosphate complex in Fig. 6 . The substrate isopropenyl group is nestled within a hydrophobic niche formed by Phe-112 and Phe-178 (these residues are not conserved in N. tabacum epi-aristolochene synthase). The key determinant of product stereochemistry at C-2 and C-3 is the orientation of the C-2-C-3 bond in the cyclization of the germacrene A intermediate: in P. roqueforti aristolochene synthase this orientation is fixed by Phe-112 to yield the bicyclic eudesmane cation with a trans-decalin configuration, whereas in N. tabacum epi-aristolochene synthase this orientation must be fixed to yield the bicyclic eudesmane cation with a cisdecalin configuration. A cis-decalin conformation for this intermediate is incompatible with the contour of the P. roqueforti enzyme active site. Therefore, although the two enzymes cyclize farnesyl diphosphate to form hydrocarbon products of identical connectivity, the two enzymes provide very different active site contours in order to properly template and chaperone reactive conformations in catalysis.
In conclusion, the four key features of the aristolochene synthase structure and mechanism are representative of those FIG. 5 . Cyclization sequences. Mechanisms of P. roqueforti aristolochene synthase (left) and N. tabacum epi-aristolochene synthase (right) (OPP ϭ diphosphate leaving group). The atomic numbering scheme of farnesyl diphosphate is adopted for all structures depicted in the P. roqueforti aristolochene synthase mechanism, and specific atoms discussed in the text are numbered accordingly. Analysis of the aristolochene synthase structure suggests that Tyr-92 is the putative general acid/base. that must characterize the greater family of terpenoid cyclases: (a) the terpenoid cyclase provides a hydrophobic template with the proper contour for binding the flexible substrate in a catalytically productive conformation; (b) initial carbocation formation is triggered by coordination of the diphosphate leaving group to Mg 2ϩ or Mn 2ϩ ; (c) the conformations of reactive carbocation intermediates are chaperoned through a complex reaction sequence by the active site template; and (d) the hydrophobic active site cleft sequesters these intermediates from bulk solvent, and aromatic residues stabilize carbocation intermediates through local cation-interactions as well as overall negative electrostatic surface potentials. 
